Abstract. Microtubules (MT) are required for the efficient transport of membranes from the trans-Golgi and for transcytosis of vesicles from the basolateral membrane to the apical cytoplasm in polarized epithelia. MTs in these ceils are primarily oriented with their plus ends basally near the Golgi and their minusends in the apical cytoplasm. Here we report that isolated Golgi and Golgi-enriched membranes from intestinal epithelial cells possess the actin based motor myosin-l, the MT minus-end--directed motor cytoplasmic dynein and its in vitro motility activator dynactin (pl50/Glued). The Golgi can be separated into stacks, possessing features of the Golgi cistemae, and small membranes enriched in the trans-Golgi network marker TGN 38/41. Whereas myosin-I is present on all membranes in the Golgi fraction, dynein is present only on the small membrane fraction. Dynein, like myosin-l, is associated with membranes as a cytoplasmic peripheral membrane protein. Dynein and myosin-I coassociate with membranes that bind to MTs and cross-link actin filarnents and MTs in a nucleotidedependent manner. We propose that cytoplasmic dynein moves Golgi membranes along MTs to the cell cortex where myosin-I provides local delivery through the actin-rich cytoskeleton to the apical membrane.
and for transcytosis of vesicles from the basolateral membrane to the apical cytoplasm in polarized epithelia. MTs in these ceils are primarily oriented with their plus ends basally near the Golgi and their minusends in the apical cytoplasm. Here we report that isolated Golgi and Golgi-enriched membranes from intestinal epithelial cells possess the actin based motor myosin-l, the MT minus-end--directed motor cytoplasmic dynein and its in vitro motility activator dynactin (pl50/Glued). The Golgi can be separated into stacks, possessing features of the Golgi cistemae, and small membranes enriched in the trans-Golgi network marker TGN 38/41. Whereas myosin-I is present on all membranes in the Golgi fraction, dynein is present only on the small membrane fraction. Dynein, like myosin-l, is associated with membranes as a cytoplasmic peripheral membrane protein. Dynein and myosin-I coassociate with membranes that bind to MTs and cross-link actin filarnents and MTs in a nucleotidedependent manner. We propose that cytoplasmic dynein moves Golgi membranes along MTs to the cell cortex where myosin-I provides local delivery through the actin-rich cytoskeleton to the apical membrane. p OLARIZED epithelial cells contain an apical and a basolateral plasma membrane domain that is separated by ceil-cell junctional complexes. The protein and lipid components of the plasma membrane and the organization of the underlying cytoskeleton are distinct for these domains. Membrane proteins destined for the apical surface of polarized intestinal epithelial cells, like those of other polarized epithelial cells, reach this surface via two routes: a direct pathway or via an indirect or transcytotic (via the basolateral membrane) pathway (Louvard et al., 1992; Mays, et al. 1994) . Pharmacological studies suggest that although not absolutely required, the efficient transport of apitally directed membranes in polarized epithelia requires intact microtubules (MTs) z (Bennett et al., 1984; Hugon et al., 1987; Achier et al., 1989; Parczyk et al., 1989; Breitfeld et al., 1990; Gilbert et al., 1991) . When polarized epithelia are treated with MT-disruptive drugs, there is a delay in delivery of materials to the apical plasma membrane, although 50--80% of the materials still reach the apical domain. The remaining materials are missorted to the basolateral domain. The most recent and complete pharmacological study on the role of MTs on both the direct and transcytotic pathway for apical membrane protein delivery in intestinal epithelial cells clearly shows that MTs axe important for both the direct and the indirect pathways (Gilbert et al., 1991) . This study complements the analysis of Bomsel et al. (1990) , who suggest that late endosomal fusions appear to require MTs and other work (Achier et al., 1989; Breiffeld et al., 1990; Hunziker et al., 1990) which shows that MTs are necessary for normal movements of transcytotic vesicles to the apical cytoplasm. Therefore, for either the direct or the indirect pathway, MTs play a crucial role in facilitating transport of apically targeted membrane protein transport vesicles to the apical surface.
Observations in vitro (Coffe and Raymond, 1990; van der Sluijs et al., 1990 ) and in vivo (Cooper et al., 1990) suggest that Golgi and Golgi-derived membranes can bind to MTs, possibly via motor proteins. Work on organeUe motility in axons has led to the principle that kinesin is the motor for anterograde or Golgi to cell surface movement, whereas dynein is the motor for retrograde movement (see reviews by Schroer and Sheetz, 1991; Skoufias and Scholey, 1993) . This idea has been extended as a generalization for Golgi trafficking in all cells (Bloom, 1992; Swanson et al., 1992; Lippincott-Schwartz, 1993) . A widely accepted general model for Golgi to plasma membrane movements is that kinesin is the motor because MTs are polarized with their minus-ends at the nucleus where the Golgi resides. While this simplified model is likely appropriate for fibroblasts and neurons where the rnicrotubule organizing center (MTOC) is adjacent to the nucleus and Golgi, it is incorrect for polarized epithelial cells. In contrast to their organization in fibroblasts, MTs in polarized epithelia are arranged with their minus ends in the apical cytoplasm, not near the supranuclear Golgi apparatus (Sandoz et al., 1985; Drenckhahn and Dermietzel, 1988; Achier et al., 1989; Gilbert et al., 1991) . MT bundles extend to the basal cytoplasm with their plus ends near the cell base and Golgi with a collection of MTs running transversely in the apical cytoplasm (Sandoz et al., 1985; Bacallao et al., 1989) . Although centrioles and -/-tubulin are subjacent to the apical actin cytoskeleton, there is no apparent association with the ends of MTs, nor is there pericentriolar material (Sandoz et al., 1985; Drenckhahn and Dermeitzel, 1988; Bacallao et al., 1989; Gilbert et al., 1991; Rizzolo and Joshi, 1993) .
A role for motors in the translocation of vesicles in vivo is supported by studies showing that the fusion of apically and basolaterally derived endosomes or Golgi translocation requires MTs and the motor proteins dynein or kinesin (Bomsel et al., 1990; Corth6sy-Theulaz et al., 1992) . Likewise, in the fibroblast BHK cell line where the MTOC, and therefore the MT minus-end, is adjacent to the nucleus and the Golgi, cytoplasmic dynein and MTs are required for in vitro fusion of endosomal carrier vesicles from early endosomes with late endosomes (Aniento et al., 1993) . Furthermore, there are many other reports that dynein is involved in organeUar movement towards the MT minus-end (Paschal et al., 1987; Euteneur et al., 1988; Schnapp and Reese, 1989; Schroer et al., 1989; Hirokawa et al., 1990; Lacey and Haimo, 1992; Lin and Collins, 1992) .
MTs in polarized epithelial cells rarely, if at all, extend through the cell cortex to the plasma membrane (Sandoz et al., 1985; Drenckhahn and Dermietzel, 1988) . The cell cortex, especially that of the apical brush border (BB), is rich in actin and is likely absent of MT-based movements (Burgess, 1987; Louvard, 1989; . The basolateral cortex of epithelial cells is also MT poor and actin rich, although not as organized as the BB. The basolateral membrane, beneath the zonula adherens actin circumferential ring, is composed of an anastomosing actin meshwork containing fodrin, ankyrin, and myosin-I and -II among other cytoskeletal proteins (Mooseker, 1985; Burgess, 1987) . Therefore, the final 0.5 to I #m to the epithelial cell apical or basolateral plasma membrane must be traversed by a vesicle in the absence of MTs and through an actin meshwork. Thus, MTbased motors may not be sufficient to translocate a vesicle from the Golgi to the cell surface, no matter whether it is taking the direct or the indirect path. Another motor, perhaps attached to the same vesicle translocated first along MTs, may be required to move vesicles through the actin-rich terminal web to reach the plasma membrane.
A good candidate for a motor functioning in the epithelial cell cortex is the actin-based motor myosin-I (Sandoz et al., 1985; Achier et al., 1989; Fath et al., 1990; . The myosin-Is are a class of actin-activated mechanochemical motors directed toward the membraneassociated ends of actin filaments (Pollard et al., 1991; Cheney and Mooseker, 1992) that have been identified in many cell types and are likely associated with both intracellular and plasma membranes (reviewed by Cheney and Mooseker, 1992; Titus, 1993; Fath and Burgess, 1994) . Based largely on conjecture developed from its in vitro properties, on the polarity ofactin filaments within microvilli and on the morphology of microvillus growth, myosin-I in the intestinal epithelium has been proposed to move membranous vesicles transporting proteins and lipids from the Golgi or from basolateral endosomes to their sites of incorporation into the apical plasma membrane (Conzelman and Mooseker, 1987; Shibayama et al., 1987; Collins et al., 1990; Fath et al., 1990) . Moreover, since the basolateral membrane is also underlain by a rich actin meshwork it is equally likely that transport through or from the basolateral cortex is accomplished using an unconventional myosin attached to a transport vesicle. Electron microscopic immunolocalization of myosin4 on vesicles in the apical cytoplasm of enterocytes (Drenckhahn and Dermietzel, 1988) is consistent with such a membrane translocation role. We previously showed that myosin-I was potentially involved in such movements by isolating a mixed population of Golgienriched cytoplasmic membranes from isolated intestinal epithelial cells and found that a population of membranes, which bind actin filaments in vitro in an ATP-sensitive manner, possessed myosin-I as a cytoplasmically oriented peripheral membrane protein.
To determine if cytoplasmic membranes in epithelial cells potentially utilize both a MT-and actin-based motility we have begun looking for membranes expressing several motors. We show in the present study that myosin-I, cytoplasmic dynein and its activator dynactin (pl5OIGlued) are associated with Golgi membranes that were isolated from enterocytes by two different methods, while kinesin, although presaat in the cells, was absent from these membranes. Because myosin-I cosedimented with dynein-containing Golgi membranes that were bound to MTs, we propose that some membranes contain both myosin-I and dynein. Therefore, organdies may possess both types of motors which may be activated or differentially regulated in different cell regions. We show that some membranes possess only myosin-I and lack dynein which suggests that there must be some precise regulatory mechanism placing or maintaining specific motors on subpopulations of membranes within cells. Because of the orientation of MTs in polarized epithelia, these results suggest a hypothesis that cytoplasmic dynein moves apically targeted membranes to the apical cytoplasm where myosin-I provides local delivery to the apical membrane.
Materials and Methods

Isolation of Golgi Stacks, Golgi-enriched Membranes and SubceUular Fractionation
Polarized intestinal epithelial cells (enterocytes) were isolated from chicken intestinal villus and crypts as previously described . A Golgi fraction was prepared from villus enterocytes using the method of Leelavathi (Leela~thi et al., 1970) . All steps were performed at 4°C. 4 ml of packed cells were homogenized in 6 ml of 0.5 M sucrose PKM buffer (100 raM potassium phosphate, pH 6.5, 3 mM MgCI2, and 3 mM KCI) using a hand held tissue grinder (Tissue.Tearor; Biospec Products, Inc.) at setting 2 for 1 rain on ice. The nuclei and any intact cells were pelleted at 600 g for 10 rain and the postnuclear supernatant (PNS) layered over a 5-ml pad of 1.3 M sucrose-PKM and centrifuged at 105,000 gm~ (SW41; Beckman Instrs., Inc., Fuilerton, CA) for 60 rain. The membranes concentrating on the 1.3 M sucrose pad were collected, adjusted to 1.1 M sucrose-PKM at a final volume of 3 ml. A step gradient of 1.4 M sucrose, 1.3 M sucrose, 1.25 M sucrose, 1.1 M sucrose (membrane fraction), and 0.5 M sucrose was centrifuged in a SW41 rotor at 90,000 gmx for 90 rain. The 0.5/1.1 M sucrose interface was enriched in Golgi stacks and after washing was termed the Leelavathi Golgi fraction. To wash membranes of any soluble material, all fractions were collected, diluted with PKM buffer, ten-trifuged for 30 rain at 150,000 g~x, and resuspended in PEMS buffer (10 mM Pipes, 1 mM EGTA, 2 mM MgC12, and 0.25 M sucrose, pH 7.0).
In order to subfractionate Leelavathi Golgi further, in some experiments the 0.5/1.1 M sucrose interface was diluted with an equal volume of 0.25 M sucrose-PKM and centrifuged at 10,000 g (SS-34 rotor, Du Pent Co., Wilmington, DE) for 15 min. The resulting pellet is referred to as stacks. The small membranes remaining in the supernatant were collected by centrifugation at 266,000 gm~x in a TLA 100.4 rotor (Beckman Instrs., Inc.) for 30 min. An unfractionated sample was also centrifuged at 266,000 grn~ to collect total membranes. All pellets were resuspended in an equal volume of 0.25 M sucrose-PKM buffer.
Golgi-enriched membranes were also isolated from chicken intestinal epithelial cells by the method of Weiser as previously described . In addition to isolation by sedimentation gradients, and to ensure that protein-lipid aggregates containing myosin-I or dynein were not artifactually cosedimenting with these Weiser Golgi membranes, in some experiments, membranes were isolated using isopycnic flotation gradients. The previously described sucrose step gradient was underlayed by membranes that were brought to 1.38 M sucrose (40% wt/wt) by addition of 2.55 M sucrose.
For subcellular fractionation, nuclei, BB, and demembranated BB were fractionated from isolated intestinal epithelial cells as described by Matsudaira and . The supernatant remaining after BB isolation (largely cleared of BB), was sequentially centrifuged at 20,000 gmax for 20 min, 80,000 gr~a~ for 1 h, and 150,000 gmax for 3 h.
Immunological Techniques
The following antibodies were used: cytoplasmic dynein heavy chain (mAb 440.4, Steuer et al., 1990) ; cytoplasmic dynein intermediate chain (rnAb 70.1, Steuer et ai., 1990; mAb 74.1, Holzbaur et al., 1991) ; dynactin (mAb 150.1, Gill et al., 1991) ; kinesin heavy chain (mAb SUK-4, Ingold et al., 1988) ; B-COP (M3AS, Allan and Kreis, 1986) ; TGN-38/41 (Luzio et al., 1990; Jones et al., 1993) ; ~-mannosidase-II (Velasco et al., 1993); c~-tubulin (mAb AA4.3, Walsh, 1984) ; "),-tubulin (Joshi, 1993) ; and our affinity-purified rn~sin-I polyclonal Ab (UPT-8). The myosin-I antibody was elicited using purified BB myosin-I and was affinity purified using BB myosin-I bound to Immobilon-P membranes (Millipore Corp., Bedford, MA) according to the method of Olmstead (1981) . The antibody was monospecific for myosin-I on immunoblots of BB proteins (data not shown). The antibody to alkaline phosphatase was purchased from Chemicon Intl. Inc. (Temecula, CA).
Indirect immunofluorescent light microscopy using 5-#m-thick frozen sections of adult chicken duodena were performed as described previously (Fath et al., 1990) . In some experiments, intestinal pieces were chilled for several minutes on ice to allow cold-labile bit depolymerization, then frozen in liquid nitrogen and cryosectioned before fixation. Antibody staining was specific as determined by incubation with labeled secondary antibodies alone (images not shown). Polymerized actin was localized with 22 nM rhodamine-phalloidin (Molecular Probes, Inc., Eugene, OR) in Trisbuffered saline. Nuclei were localized with the DNA stain DAPI (4',6-diamidino-2-phenylindole; Sigma Chem. Co., St. Louis, MO) that was used at 0.25 t~g/ml in Tris-buffered saline. Golgi membranes were labeled with TRITe-wheat germ agglutinin (WGA; Sigma Chem. Co.) at 1 #g/mi (Tartakoff and Vassalli, 1983) . The inclusion of 0.1 M N-Aeetyl-D-Ghicosamine in the blocking and staining solutions uniformly decreased TRITC-WGA labeling intensity at least 10-fold as determined by photometry (data not shown). Fluorescently labeled sections were mounted in 90% glycerol, 10% Na2CO3, pH 9.6, containing 100 mg/ml 1,4-Diazabicyelo[2.2.2]octane (Aldrich Chem. Co., Milwaukee, WI) as a photobleaehing retardant. Photographs were taken with either TMAX 400 or TechPan 2415 (EastmanKodak Co., Rochester, NY) films.
For immunoblotting, samples were electrophoresed on 10% SDS-PAGE microslab gels (Matsudaira and Burgess, 1978) or 5-17% gradient SDS-PAGE gels (for dynein heavy chain blot only, Fig. 8 B) and electrophoretically transferred to 45 #m Immobilon-P membranes (Millipore Corp.). The 10% gels were electrophoreticaUy transferred in either Towbin (Towbin et ai., 1979) or CAPS buffer (LeGendre and Matsudaira, 1989) , and the 5-17% gels were transferred in Towbin buffer containing 0.1% SDS. Membranes were immunoprobed as previously described . Bound primary antibodies were detected using peroxidase-labeled secondary antibodies and chemiluminescence detection kits (Amersbam Corp., Arlington Heights, IL or DuPont NEN) on X-OMAT AR film (Eastman-Kodak) and developed with GBX (Eastman-Kodak). To quantitate immunoblots, autoradiographs were scanned on an Ultroscan densitometer (LKB Instruments Inc., Bromma, Sweden). Molecular mass markers were prestained proteins in the SDS-7B kit from Sigma Chem. Co.
Cytoskeletal Protein-Membrane Binding
Isolated Weiser membranes (0.15 mg/ml) were incubated at room temperature for 30 rain in either PEMS alone, PEMS containing 0.5 mg/ml taxolstabilized MTs, or PEMS containing 0.5 mg/ml taxol-stabilized MTs plus 10 mM ATE Taxol was included in all solutions at 20 #M. Incubated samples were then layered onto a 1.22 M sucrose pad and centrifuged at 259,000 grnax for 30 min at room temperature in a TLS-55 (Beckman Instrs. Inc.) rotor. The pellets and supernatants were quantitatively recovered and immunoblotted for cytoplasmic dynein intermediate chains, then stripped of bound antibody (as outlined in Amersbam ECL kit booklet) and reprobed with afffinity-purified myosin-I antibody. The tubulin was phosphocellulose purified and did not contain cytoplasmic dynein or kinesin as determined by immunoblotting (data not shown) and was polymerized in PIPES, GTP, and 20 #M taxol. In some experiments the pelleted membranes were negatively stained (see below).
MT membrane-binding experiments were also done with Leelavathi small membranes essentially as described above with minor modifications. Small membranes were collected by centrifugation onto a 0.9 M sucrose in PKM cushion in a TLS55 rotor at 259,000 grnax for 30 rain at room temperature, incubated with taxol-stabilized MTs in the presence or absence of 10 mM ATE The mixture was layered over a 0.9 M sucrose-PKM cushion and centrifuged as above to pellet membranes bound to MTs. The density of the sucrose pad was reduced to 0.9 M because MT-bound Leelavathi small membrants floated on 1.2 M sucrose. Supernatants and pellets were collected and analyzed by immunobiotting.
To determine morphologically if single small Golgi membranes could bind to both actin filaments and bits, we took advantage of the fact that actin filaments and MTs that were bound to membranes floated on 1.1 M sucrose when centrifuged. The unbound filaments and MTs pelleted. Therefore, membranes were incubated with a MT/aetin filament mixture + 10 mM ATP in the same conditions as described above for the Weiser membranes. After 25 min at room temperature, the samples were layered over 1.1 M sucrose pad and centrifuged at 259,000 gm~ for 30 rain at room temperature in a TLS-55 (Beckman Instrs., Inc.) rotor. The supernatants and pellets were collected and negatively stained for EM.
Extraction of Cytoplasmic Dynein from Membranes
5 ~g of Weiser membranes in PEMS were incubated with either 0.6 M KI, 1.0 M NaCI, or PEMS buffer alone for 30 min at 4°C. For the alkali stripping, 5 #g of vesicle protein was diluted 20-fold with 100 mM Na2CO3 (pH 11.5) and incubated for 30 rain at 4°C (Fujiki et al., 1982) . The salt and alkali-treated membranes were then pelleted at 315,000 gain for 30 rain at 4"C in a TLA 100 rotor (Beckman Instrs., Inc.). Supernatants were aspirated, precipitated with 10% (vol/vol) TCA on ice, washed with 100% ethanol, then resuspended in 20 #1 SDS sample buffer. Pelleted membranes were sohibilized directly with 20/~1 SDS sample buffer. Samples were immunoblotted to determine the relative distribution of dynein intermediate chains in the supernatants and pellets.
UV Photolysis of Membrane-bound Cytoplasmic Dynein
UV photocleavage was performed as previously described (Schroer et al., 1989) and samples immunoblotted with cytoplasmic dynein heavy chain mAb 440.4.
Electron Microscopy
Golgi stacks and membranes were fixed in suspension with an equal volume of 4 % glutaraldehyde-PKM buffer on ice overnight. The fixed membranes were pelleted at 266,000 gr~ax for 30 min and osmicated with 2% OsO4 for 2 h on ice in the dark. The pellets were dehydrated through graded ethanols into propylerie oxide and embedded in resin (Fath and Burgess, 1992) . Sections were stained with uranyl acetate and lead citrate and viewed in a Zeiss electron microscope at 50 kV. For negative staining, carbon-overFormvar-coated grids were floated on a drop of Golgi stacks or Golgienriched membranes for several minutes. The grids were rinsed by quickly touching the surface of tv~ drops of PEMS, then stained with 1% aqueous uranyl acetate.
Miscellaneous
Protein concentrations were determined with either the Bicinchoninic Acid Assay (Pierce Chemical Co., Rockford, IL) or Bio-Rad Protein Assay (Bio Rad Labs., Hercules, CA) using BSA or Bovine plasma "y-globulin as standards. Galactosyltransferase assays were done as described by using the method of Aoki (1990) . All sucrose concentrations were confirmed with an Abbe refractometer (American Optical, Buffalo, NY).
Results
Organization of the Actin-and MT-based CytosReleton in Polarized Intestinal Epithelia
The MTs in polarized intestinal epithelia, as in many postmitotic epithelia (Joshi, 1993) growing or minus-ends in the apical cytoplasm near the centrioles (Achier et al., 1989; Gilbert et al., 1991) . The distribution of centrioles in intestinal crypts was easily seen by immunofluorescence or EM. When the majority of coldlabile MTs were depolymerized before fixation (Fig. 1 C) , immunofluorescent detection of MTs revealed bright spots, likely centrioles and cold-stable MTs, near the luminal surface of each cell. As an aid in orientation, we have included a schematic drawing that illustrates the planes of sections used in our immunofluorescence micrographs (Fig. 1 B) . The fluorescent sections on this plate were cut with orientation A-*g; therefore, crypts appear as doughnuts with the lumen towards the center. ~t-tubulin, a protein found near the MTOCs of many cells (Joshi, 1993) , was also concentrated in distinct spots near the luminal surface (Fig. 1 D) . The -y-tubulin puncta in the lamina propria surrounding the crypts likely corresponds to MTOCs of immunocompetent cells. Thin section electron micrographs confirmed the apical positioning of the centrioles (Fig. 1 A) . The clustering of cold stable MTs and centrioles in the apical cytoplasm subjacent to the brush border (Fig. 1 C) , where colchicineresistant MTs are found (Hugon et al., 1987; Achier et al., 1989; Gilbert et al., 1991) , and the immunolocalization of 7-tubulin to the apical cytoplasm (Fig. 1 D) are all consistent with the electron microscopic demonstration of MT minusends being apical (Bacallao et al., 1989) .
The distribution of cytoplasmic dynein, dynactin, kinesin, and myosin-I in polarizing intestinal epithelial cells was determined by immunolocalization on frozen sections. The distribution of these proteins relative to the actin-rich BB was shown by double labeling the sections with rhodamine-phalloidin. Dynein (Fig. 2 A; Fig. 3 A) and dynactin (p150/ Glued) (Fig. 2 E) , a major component of a protein complex that activates in vitro vesicle motility mediated by cytoplasmic dynein (Gill et al., 1991) , were found throughout the cytoplasm in a diffuse, punctate pattern. Dynein and dynactin (plSO/Glued) were concentrated in the apical cytoplasm and BB, but, unlike myosin-I (Fig. 2 G) , were excluded from the microviUi. Kinesin (Fig. 2 C) was localized in a punctate manner both above and below the nucleus, and basally and apicaUy in a row of spots with a similar distribution as centrioles (Fig. 1) . Myosin-I was diffusely distributed throughout the apical cytoplasm in addition to being concentrated in the BB and microvilli (Fig. 2 G) . Fig. 1 ) or longitudinal-section (E-H; B'-)B ' plane of section in Fig. 1) .A,C,E, and G are labeled by indirect immunoltuorescence and B, D, F, and H are labeled with rhodamine-phalloidin for polymerized actin. Cytoplasmic dynein (A; mAb 70.1, intermediate chains) and dynactin (pl50/G/ued) (E) are found in a punctate pattern throughout the cell, but are concentrated in the apical cytoplasm. The same sections stained for F-actin (B and F) shows that they are not associated with microviUi. As an orientation aid, the position of two nuclei in A are labeled n and the lumen of the same crypt is labeled with an L. Kinesin (C) is found in a punctate pattern with a concentration above and below the nucleus, basally and just subjacent to the BB in foci that may correspond to the centriolar region. Myosin-I is diffusely distributed throughout the apical cytoplasm, but is more concentrated in the actin-rich BB than is cytoplasmic dynein or kinesin. Bars: (A-F) 10 /~m; (G and H) 10 #m.
Some of the immunofluorescent images suggested that a portion of cytoplasmic dynein may be near the Golgi complex. To morphologically determine if there was an association of dynein with the Golgi apparatus as has been suggested for CHO cells (Corth~sy-Theulaz et al., 1991) , frozen sections were double labeled for dynein and for the Golgi with an antibody to the Golgi protein ot-mannosidase-II (Fig. 3  B) or with fluorescent WGA (Fig. 3 E) . Although we observed occasional coincidences of dynein with the Golgi markers immediately adjacent and apical to the nucleus (Fig.   3, arrowheads) , the majority of dynein was more widely distributed in a punctate manner. Note that ot-mannosidase-II was also found at the apical surface as has been shown previously (Velasco et al., 1993) in addition to ceU-ceU junctional complexes (Fig. 3 B; more evident in higher magnification images not shown). Although WGA can also label apical surface proteins, as it did in the differentiated cells on the villus (not shown), the apical surface of crypt cells did not label with WGA. It is unlikely that the observed coincidence of dynein with WGA or ot-mannosidase-II is on endosomes because WGA did not label the crypt apical membrane. Moreover, since endocytosis is minimal from the apical surface in the adult duodenum (Louvard et al., 1992) , it is likely that the WGA and ex-mannosidase-II staining is on the Golgi and not endosomes containing apical plasma membrane proteins.
Cytoplasmic Dynein Is Membrane Associated in the BB and in SubceUular Fractions of Isolated Intestinal Epithelial Cells
The punctate distribution of cytoplasmic dynein in intestinal epithelial cells suggests, as has been shown in other cells (Hirokawa et al., 1990; Goltz et al., 1992; Lacey and Halmo, 1992; Lin and Collins, 1992) , that dynein may be associated with cytoplasmic membranes. To biochemically assess if cytoplasmic dynein was associated with membranes, we determined its distribution on immunoblots of subcellular fractions of isolated enterocytes (Fig. 4) . Dynein was associated with membrane-intact BB, which possess cytoplasmic vesicles (Burgess and Prum, 1982) , as well as with large organelles (20000-and 80,000-g pellets) and microsomal (150,000-g pellet) membranes. The identity of an immunoreactive band of slower mobility in the BB, which was infrequently observed in this and other fractions, is unknown. Dynein was absent from the nuclear pellet and the demembranated BB cytoskeleton. On the same fractions, kinesin was concentrated in the 80,000-g pellet (data not Figure 3 . Dynein is present, although not concentrated in the Golgi apparatus. Fluorescent light micrograph of intestinal crypts cut in cross-section (A~/¢ plane of section in Fig. 1 ). To determine if dynein was concentrated in the Golgi apparatus, frozen sections were triple labeled for dynein intermediate chains (A), for the Golgi apparatus with c~-mannoisidase-II (B) and for nuclei with DAPI (C; 4',6-diamidino-2-phenylindole). Sections were also double labeled for dynein heavy chain (D) and for the Golgi with TRITC-WGA 3hrtakoff and Vassaili, 1983) . Although there is occasional codistribution of dynein with supranuclear Golgi markers (arrowheads), dynein has a punctate, largely apical distribution that is not exclusively concentrated in the Golgi. Bar, 10 ~tm. is associated with intracellular membranes. Isolated chicken intestinal epithelial cells were fractionated into intact BB (BB); demembranated BB (BB CSK); nuclei (Nuclear P); 20,000, 80,000, and 150,000 g pellets. Each lane was loaded containing cell equivalencies of protein except for whole cell which is underloaded 20-fold. Dynein is shown by immunoblotting to be mainly associated with large organelles and microsomes, but not with nuclei or demembranated BB. Myosin-I was ~ess concentrated in the microsomal membranes, but was associated with the BB cytoskeleton. The faster migrating myosin-I immunoreactive band in the BB corresponds to a common proteolytic fragment of myosin-I.
shown). These results suggest that cytoplasmic dynein and kinesin are associated with membranes within the BB, as well as with other light membranes, and not attached directly to the BB cytoskeleton. These subccllular distributions are consistent with the immunolocalization images that show a punctate distribution of MT motors that include a distribution in the BB. Although the actin-based motor myosin-I shared a similar distribution with cytoplasmic dynein (Fig.  4) , it differed mainly in that myosin-I was enriched in the BB cytoskeleton where it links microvillus actin filaments to the membrane (Matsudaira and Burgess, 1979) and was less concentrated in the microsomal pellets. A common proteolyric fragment of myosin-I is also seen that is most prevalent in the BB. These results extend our previous reports of myosin-I associated with Golgi-enriched membranes ; furthermore, they suggest that cytoplasmic dynein and kinesin are associated with intracellular membranes but are not directly associated with the BB cytoskeleton.
Association of Myosin-I and Cytoplasmic Dynein, but Not Kinesin, with Isolated Golgi and Golgi-enriched Membranes
We next wished to determine if a portion of the enterocyte membrane-associated dynein or kinesin identified by subcellular fractionation was associated with Golgi membranes. A Golgi fraction was isolated from enterocytes using conventional methods that were developed for rat liver Golgi studies (Leelavathi et al., 1970) . These membranes, banding at the 0.5/1.1 M sucrose interface, were identified as Golgi enriched by three criteria. First, large numbers of Golgi stacks were present as determined by EM (Fig. 5, A and B) . Second, the membranes were enriched for the Golgi markers /3-COP (Allan and Kreis, 1986) , TGN-38/41 (Luzio et al., 1990; Jones et al., 1993) , and c~-mannosidase-II (Velasco et al., 1993) (Table I) . Third, the membranes were 6.2 + 1.9-fold (SD; n = 3) enriched in specific activity for the Golgi enzyme galactosyltransferase relative to its activity in the PNS (Fig. 5 D, lane 4) . Immunoblot analysis of this Golgi fraction with antibodies against myosin-I and dynein (Fig. 5  C) showed that both motors were present, while kinesin, although present in the total cell homogenate, was absent (data not shown). Although both dynein and myosin-I were found on Golgi membranes, quantitation of immunoblots showed that neither was enriched in the Gotgi (Fig. 5 C, Table I ). Only a small amount of PNS myosin-I (0.007 %) or dynein (0.002 % ) was present in the Golgi fraction (Table II) . Although 62 % of the PNS myosin-I was membrane associated, the majority was found in denser fractions (Fig. 5 C, lanes 6 and 7) that include fragmented microvilli (not shown). We have previously shown that greater than 50% of total myosin-I is associated with the brush border . Dynein was associated with lighter membranes than was myosin-I, and the majority (69%) of dynein was soluble (Table ID. In contrast, only '~10% of the PNS myosin-I or 5 % of the total myosin-I was soluble. The small fraction of both myosin-I and dynein found associated with Golgi membranes is consistent with our immunofluorescent observations showing no concentration of these motors with Golgi, but rather, a diffuse punctate distribution in the apical cytoplasm.
Dynein Is Found on a Subpopulation of Golgi Membranes
The Leelavathi Golgi fraction (Fig. 6 A) was further subfractionated by differential centrifugation. As analyzed by transmission EM, low speed centrifugation (10,000 g) pelleted intact Golgi stacks (Fig. 6 B) . Material that remained in the supernatant was collected at 266,000 gm~ (Fig. 6 C) and contained a homogeneous collection of small membranes which ranged in diameter from 50-400 nm (Fig. 6 C) . Immunoblots of these fractions generated by differential centrifugation showed that the membrane stacks possessed myosin-I, w-mannosidase-II,/~-COP, and alkaline phosphatase, but not dynein or TGN38/41 ( Fig. 7 ; Table HI ). The small membranes contained myosin-I, dynein,/3-COP, TGN38/41, and alkaline phosphatase, hut very small amounts of a-mannosidase-II ( Fig. 7 ; Table III ). Approximately one-half the amount of myosin-I and three times the amount of/~-COP was present on the stacks as was on the small membranes. The membrane morphology and distribution of the markers Figure 6 . Thin section electron microscopy of subfractionated Golgi membranes. Total Leelavathi Golgi membranes (A), were subfractionated as described in the text. EM of these fractions showed that the 10,000 g pellet contains Golgi stacks (B), while the supernatant (C), is a fairly homogeneous fraction of small membranes. B and C are at the same magnification while A is at a slightly higher magnification. Bar, 1 #m. suggests that the 10,000-g-pelleted membranes correspond to Golgi stacks, whereas the small membranes have some features of the trans-Golgi network (e.g., contain TGN38/ 41). We wished to determine if the small membrane fraction contained only single membranes or a network of membranes that was not apparent in thin sections. Negative stain EM of unpelleted small membranes contained only single vesicles and not elongate membranes or networks (data not shown).
Characterization of Weiser Golgi Membranes
Because the conventional Leelavathi Golgi isolation protocol induced BB microvilli fragmentation due to the lack of Ca 2+ chelators (see Burgess and Prum, 1982) , and in order to prepare smaller membranes for biochemical studies, we also isolated Golgi-enriched membranes from intestinal epithelial cells by another method ) that was originally developed to isolate enterocyte Golgi membranes (Weiser et al., 1978) . We found that these Golgienriched membranes, which were 50-150 nm in diameter , were 2.9 5= 0.76-fold (SD; n = 3) enriched in specific activity for the Golgi marker galactosyltransferase relative to its activity in the PNS. These Weiser membranes possessed alkaline phosphatase as measured by activity and possessed ~-mannosidase-II and TGN 38/41, but lacked B-COE and kinesin (data not shown) as determined by immunoblotting.
Immunoblots of membranes showed that as with the Leelavathi Golgi stacks, Weiser membranes contain cytoplasmic dynein as well as myosin-I (Fig. 8 A) . On the same membranes, an antibody recognizing the cytoplasmic dynein heavy chain recognized a polypeptide (Fig. 8 B) that had the same electrophoretic mobility as sea urchin sperm axonemal dynein heavy chain (data not shown). In some experiments, to determine if protein-lipid aggregates were cosedimenting with Golgi membranes, Weiser membranes were also gradient purified using a flotation step. As with experiments in which the gradients were overlayed with sample, we found by immunoblotting that both dynein (mAb 70.1) and myosin-I banded with Golgi membranes on flotation gradients (data not shown). The dynactin (pl50/Glued) complex of proteins is required for the cytoplasmic dynein-based trans- and analyzed by immunoblotting. Coomassie blue (CB) profile of Golgi vesicle proteins and immunoblots showing that these membranes possess myosin-I, cytoplasmic dynein intermediate chains (IC, mAb 70.1) and dynactin (mAb 150.1). A portion of this figure was adapted from . (B) When membranes were irradiated with UV light in the presence of monomeric vanadate (V + UP'), the cytoplasmic dynein heavy chain was photocleaved to a mAb 440.4-immunoreaetive band at =200 kD that corresponds to the LUV fragment of other dyneins (Gibbons et al., 1987) . When membranes were incubated with vanadate in the dark (V), or in the absence of vanadate, but with I.IV irradiation (UV), dynein was not photocleaved.
port of vesicles along MTs in vitro (Gill. et al., 1991) . We found by immunoblotting that dynactin, a major protein of this complex, was also present on isolated Weiser Golgienriched membranes (Fig. 8 A) and was also present on Leelavathi Golgi stacks (data not shown). A summary of the features of membranes isolated according to Weiser and the Leelavathi Golgi preparation is presented in Table III . Analysis of a more dense membrane fraction (p = 1.1562-1.1765 g/cm 3) from the Weiser protocol gradient identified a population of membranes which possessed H-COP, myosin-I, dynein, and kinesin (data not shown).
To confirm the association of cytoplasmic dynein with membranes, Weiser membranes were UV irradiated at 366 nm in the presence of monomeric vanadate and Mg-ATP, conditions that cleave dynein heavy chain at the VI site into characteristic 228-and 200-kD major fragments (Gibbons et al., 1987) . On immunoblots of irradiated samples, mAb 440.4 recognized an =200-kD immunoreactive band that corresponds with the lower molecular mass fragment (LUV) of dynein (Fig. 8 B) . This band appeared in the presence of both UV and vanadate (Fig. 8 B, lane V+ UV), but was absent when either the UV irradiation (Fig. 8 B, lane V) or vanadate ( Fig. 8 B, lane UV) were omitted, mAb 440.4 does not recognize the larger HUV fragment of dynein . The immunorecognition of cytoplasmic dynein heavy and intermediate chains, in addition to the UV photocleavage of the heavy chain, provide strong evidence of the association of cytoplasmic dynein with Golgi-enriched membranes.
Cytoplasmic Dynein Is a Vesicle Peripheral Membrane Protein
To assess the nature of the association between cytoplasmic dynein and Golgi-enriched membranes, Weiser membranes were stripped of peripheral membrane proteins by high salt or alkaline pH. Membranes were incubated in 1.0 M NaC1, 0.6 M KI, or 100 mM sodium carbonate (pH 11.5), then centrifuged to pellet the membranes away from the released proteins. We followed the distribution of cytoplasmic dynein in these fractions on immunoblots using mAb 70.1 because of the more quantitative electrophoretic transfer of the lower molecular mass intermediate chains than the larger heavy chain. In contrast to what we found previously for myosin-I where ~50% was extractable by high salt or pH , nearly all dynein was released from the membrane by high salt or pH (Fig. 9) . These results suggest that cytoplasmic dynein is a vesicle peripheral membrane protein that is bound directly or indirectly to the membrane by electrostatic interactions.
Golgi-enriched Membranes Bind to Microtubules in an ATP-sensitive Fashion
A dynein-mediated vesicle motility on MTs requires that dynein be on the membrane "cytoplasmic" surface and that it binds to and releases from MTs in a nucleotide-sensitive manner. Isolated Weiser membranes, previously shown to be intact and right-side-out , were incubated with taxol-stabilized MTs in the presence or absence of ATE then centrifuged over a 1.22 M sucrose cushion, a concentration allowing MTs but not membranes to pellet. The resultant supernatants and pellets were immunoblotted Figure 9 . Cytoplasmic dynein is a Golgi vesicle peripheral membrane protein. To determine the positioning of cytoplasmic dynein in the Golgi vesicle membrane, isolated membranes were incubated with high salt or alkaline buffers, pelleted and supernatants and pellets immunoblotted. Following incubation in PEMS buffer alone (C; control), 1.0 M NaCI or 0.6 M KI, membranes were pelleted and resultant supematants (S) and pellets (P) blotted for cytoplasmic dynein intermediate chains. Dynein behaves as a peripheral membrane protein since it pellets with membranes incubated in buffer alone, but is released from the membranes into the supernatant when membranes are incubated in NaC1 or KI. In another experiment, pellets were examined after incubation in PEMS (C) or 0.1 M sodium carbonate (pH 11.5). Cytoplasmic dynein is stripped from the pelleted membranes incubated at alkaline pH.
for cytoplasmic dynein intermediate chains and a portion of each was negative stained to verify MT-vesicle binding. All membranes (not shown) and dynein ( Fig. 10) were found in the supernatant in experiments in which membranes were centrifuged in the absence of MTs. In contrast, when membranes were preincubated with MTs in the absence of ATP and then centrifuged, nearly all dynein was detected in the pellet (Fig. 10) . Negative stain EM confirmed that the pellet contained membranes that were bound to MTs (Fig. 10) . MT binding was sensitive to ATP; when membranes were incubated and centrifuged with MTs in the presence of 10 mM ATE neither dynein (Fig. 10) nor membranes (not shown) pelleted with MTs. Although not shown, in similar binding assays, Leelavathi small membranes also bound to MTs in an ATP-sensitive manner. These MT-binding assays suggest that dynein is on the membrane cytoplasmic surface and that membranes bind to and release from MTs in an ATP-sensitire manner. We have previously demonstrated a similar nucleotide-dependent binding of these Golgi-enriched membranes to actin filaments .
Myosin4 and Dynein Coexist on a Subset of Golgi-enriched Membranes.
Recent morphological and genetic studies suggesting that individual cytoplasmic vesicles may possess both a MT-and an actin filament-based motility (Kuznetsov et al., 1992; Lillie and Brown, 1992; Bearer et al., 1993) led us to explore if individual Golgi-derived membranes expressed both cytoplasmic dynein and myosin-I. Therefore, we wished to determine if myosin-I partitioned with dynein-associated membranes in the MT-pelleting assays. That is to say, if we used MTs to affinity-isolate those membranes expressing dynein, would myosin-I (which does not bind to MTs) partition with these membranes? In these experiments, myosin-I remained in the supernatant with either Weiser or Leelavathi small membranes when membranes were incubated in buffer alone (Fig. 10, V) or when incubated with MTs plus ATP (Fig. 10,  V+MT+ATP) . When membranes were incubated with MTs Small Golgi membranes were incubated with actin filaments and MTs and centrifuged over a sucrose pad in conditions in which membranes caused bound cytoskeletal elements to remain in the supernatant (see Materials and Methods). This negative stain EM micrograph shows that single membranes bind to MTs or to actin filaments. Several actin filaments with attached membranes are indicated by arrowheads. A smaller number of membranes (asterisks) appear to cross-link both actin filaments and MTs. Bar, 0.2 tan.
in the absence of ATP, "°50% of the myosin-I pelleted with membranes ( Fig. 10, V+MT) . By contrast, nearly all of the cytoplasmic dynein pelleted under the same conditions.
We repeatedly attempted to immunoisolate Golgi membranes with several antibodies to dynein (mAb 70.1, mAb 440.4, and mAb 74.1) and several antibodies to myosin-I (data not shown). Although the antibodies could immunoprecipitate their respective antigens from solution, they all failed to bring down the membrane-associated motors in a repeatable fashion. Therefore, in a double-blind experiment, Leelavathi small membranes were mixed with actin filaments and MTs in the presence or absence of ATP, centrifuged over a 1.1 M sucrose pad to separate membrane-bound cytoskeletal elements (which float) from unbound actin and MTs and negative stain EM of the supernatants generated. The absence of ATP increased by sevenfold the number of membrane-bound cytoskeletal elements (Fig. 11) . In the absence of ATP, we observed single membranes binding to actin illaments, others binding to MTs, and a smaller number appearing to cross-link both cytoskeletal elements. In this experiment, in the microtubule-binding experiment shown in Fig.  10 , and in the actin binding experiment shown in , only rarely were membrane aggregates observed (where membranes were bound to one another and not bound to cytoskeleton or where one membrane was bound to cytoskeleton and at the same time bound to another membrane). Therefore, it is unlikely that the myosin-I-containing membranes found in the pellet in Fig. 10 sediment solely due to aggregation with dynein-containing membranes. These results suggest that a population of cytoplasmic dynein-containing membranes possess myosin-I and further, that another population of membranes possess myosin-I, but not dynein. It is also possible that some membranes possess only dynein.
D i s c u s s i o n
Here we report the distribution of the molecular motors myosin-I and dynein in polarized intestinal epithelial cells. Both immunofluorescence and biochemical methods show that neither myosin-I nor dynein is enriched in Golgi membranes. We find that cytoplasmic dynein and its motility activator dynactin (p150/Glued) are concentrated in the apical cytoplasm in a diffuse and punctate pattern and are also present in the region of the Golgi apparatus. By subcellular fractionation we find that a significant amount of enterocyte dynein is bound to intraceUular membranes and a small amount associated with isolated Golgi membranes. The concentration of dynein in punetate spots in the apical cytoplasm, near the minus-ends of MTs where a minus-enddirected motor would tend to accumulate, is consistent with dynein's role in moving membranes along MTs. Negative staining and immunoblotting of pelleting assays show that Golgi membranes previously shown to be fight-side-out and intact , possess cytoplasmic dynein and bind MTs in an ATP-dependent manner. We subfractionated the traditional Leelavathi Golgi preparation by differential centrifugation into Oolgi stacks and smaller membranes with some characteristics of the trans-Golgi network. We find that while myosin-I is present on both fractions, dynein is present only on the small membranes. We identify membrane-bound cytoplasmic dynein by: (a), immunoreeognition of heavy chain and comigration with similar chains from sea urchin axonemes; (b), vanadate-sensitive UV photocleavage of heavy chain; (c), immunorecognition of intermediate chains; (d) , and an ATP-sensitive release from MTs. These membranes also possess dynactin (p150/ Glued) but lack kinesin which has also been shown to be absent from Golgi membranes isolated from bovine brain (Leopold et at., 1992) . We have previously shown that these membranes have the actin-based motor myosin-I bound to the cytophasmic surface via electrostatic infractions . Membranes are now shown also to possess both motors because MT-dependent pelleting of membranes sed'Lment both cytoplasmic dynein and myosin-I, suggesting that they are on the same vesicle.
In this report we have isolated Golgi membranes using methods developed for intestinal epithelial cells by Weiser (Weiser et at., 1978) and intact Golgi by the method of Leelavathi that was developed for use in liver (l_eelavathi et al., 1970) . A comparison of the properties of the membranes isolated by the two methods is shown in Table HI . Although both methods isolate membranes of similar density on sucrose gradients, the membranes from the Weiser method were isolated in buffers containing EGTA and are more stringently triturated by homogenization. The inclusion of EGTA in the buffers used in the Weiser method decreased the possibility of contamination from vesiculated microvilli that contain myosin-I (Burgess and Prum, 1982) . Microvillar vesicles, however, band in a denser fraction than Golgi stacks (data not shown). The Dounce homogenization used in the Weiser method generated smaller and more uniform membranes that were useful in MT-binding studies. By subfractionating the traditional Leelavathi membranes by a low speed centrifugation (15 min at 10,000 g) we separated morphological stacks and Oolgi cisternal markers (~-COP, galactosyRransferase, 6,-mannosidase-13') from smaller membranes that possessed the tmns-Golgi network marker TGN38/41.
The Golgi marker profile of the Weiser membranes suggests that they most closely correspond to the small Leelavathi membranes. Both the Weiser membranes and small Leelavathi membranes contain dynein and myosin-l, while Golgi stacks contained only myosin-I.
The understanding of compartment-specific marker proteins for the Golgi apparatus and carrier vesicles is not as advanced in enterocytes by comparison with the well characterized Golgi in NRK cells or liver (see Velasco et al., 1993 for discussion and references). We have used ot-mannosidase-II as a Golgi marker protein; however, we found by immunofluorescence that this enzyme, like galactosyltransferase (Roth et al., 1985) , while enriched in the Golgi, is also found on the plasma membrane of intestinal epithelial cells (Velasco et at., 1993) . Despite the lack of enterocyte specific Golgi markers, the isolation of morphologically identifiable Golgi stacks at the correct density, which possess the enzymes galactosyltran~rase, o~-nmnm~idase-H, and the Golgi markers TGN38/41 and B-COP, suggests that the membranes isolated in our study represent Golgi membranes. Furthermore, our study now provides a thorough characterization of enterocyte Golgi membranes.
Dynein is bound to Golgi membranes via electrostatic interactions. It is probably attached to the membrane outside of the head region because the MT and ATP (and vanadate) binding sites are accessible. As has been found for other isolated cytoplasmic vesicles (Laeey and Haimo, 1992; Leopold et al., 1992) , enterocyte Golgi membranes contain tubulin as shown by immunoblots with an ot-tubulin antibody (data not shown). We propose that dynein is not bound to Golgi membranes via intact microtubules for the following reasons: (a), endogenous MTs were never observed in negative stained preparations of membranes, while short exogenous MTs are easily detected; (b), contaminating MTs would have to be both cold-and dilution-stable during vesicle isolation in the absence of taxol; (c), Golgi membranes band at =0.91 M sucrose while membranes bound to exogenous MTs are denser (d), exogenous MTs induce pelleting of all dynein suggesting that at least some dynein on each vesicle has unoccupied MT-binding sites and therefore must be bound to the membrane by a different mechanism. Although a dynein membrane-binding protein has not been identified, a putative kinesin-binding protein has been identified and the binding of cytoplasmic dynein to brain microsomes requires a protease-sensitive surface protein . This does not rule out the possibility that unpolymerized membrane tubulin binds to dynein as has been suggested for kinesin (Skoufias et ai., 1994) . Because cytoplasmic dynein is not found on Golgi stacks which possess myosin-I but is present on the small membranes, it is likely that there are specific dynein binding proteins in a subpopulation of enterocyte Golgi membranes.
We have determined that a small amount of cytoplasmic dynein (0.002%) or myosin-I (0.007%) is associated with enterocyte Golgi. While this number is most likely an underestimate because not all of the Golgi is found at the 0.5/1.1 M sucrose interface (Table I ) and some motors are likely released from the membrane during cell fractionation, these motors are undoubtably also associated with other cellular organelles. Most notably, more than 50% of the myosin-I is associated with the BB . The low percentage of motors that we found associated with cellular organelles is consistent with observations that isolated bovine brain synaptic vesicles contain ',~1 kinesin molecule for every 16 isolated bovine brain synaptic vesicles (Leopold et at., 1992) or 1 kinesin per 100-nm chick brain microsomes . This low density of motors per membrane may also explain our inability to consistently immunoisolate Golgi membranes with dynein or myosin-I antibodies. Moreover, in vitro motility studies have shown that only 1 kinesin molecule is sufficient to translocate a MT several micrometers (Howard et al., 1989) . Thus, only a few at-tached motors per vesicle is probably sufficient for intracellular trafficking.
Although dynein and membranes bind to MTs in an ATPdependent manner, and kinesin was not detected on Leelavathi and Weiser Golgi membrane immunoblots, it is formally possible that another unidentified MT-based motor or MT-binding protein is present on the membranes. A Golgi MT-binding protein, which is not reported to bind MTs in an ATP-sensitive manner, has been identified in rat liver (Bloom and Brashear, 1989) , however, its presence has not been analyzed in the intestinal epithelial cell Golgi. The binding of endocytic vesicles to MTs independent of motor proteins has also been shown (Scheel and Kreis, 1991; Pierre et al., 1992) . Methods are not available to directly show that the membrane-bound dynein is responsible for the ATPsensitive MT binding we observed. For example, there are no dynein antibodies that inhibit the interaction of dynein with MTs. Furthermore, it is unclear what effects UV-vanadate photocleavage has on organellar dynein-MT binding, especially in the presence of other potential motors (Schnapp and Reese, 1989; Schroer et al., 1989) . However, preliminary evidence suggests that Weiser Golgi-enriched membranes move on MTs in a minus-end direction in in vitro motility assays (Fath and Burgess, unpublished results) . Such a minus-end-directed motility would support a role for dynein in Golgi dynamics although minus-end-directed kinesins such as the Drosophila ncd protein have been discovered (Walker et al., 1990) .
It has been proposed that one role of dynein in some cells may be to maintain the Golgi apparatus near the minus-ends of MTs and centrosomes (Corth6sy-Theulaz et al., 1992) . The maintenance of the Golgi apparatus at its supranuclear position requires intact MTs in rat intestinal epithelial cells (Achier et al., 1989) . Because the Golgi is found nearer the plus-ends of MTs in enterocytes, as in other simple epithelial cells, by extension it could be suggested that kinesin may serve this role in these cells. However, using the mAb SUK-4 we did not detect kinesin associated with Golgi stacks or Golgi-enriched membranes, nor was kinesin detected on Golgi membranes isolated from bovine brain (Leopold et al., 1992) . Kinesin was detected on another, as of yet not well characterized, denser population of membranes from intestinal epithelial cells. It is also possible that a unique kinesin or another MT plus-end-directed protein that is not recognized by SUK-4 antibody is present on Golgi membranes.
As presented in the Introduction, the slowing but incomplete inhibition of apical membrane protein delivery from the Golgi in the apparent absence of MTs and the lack of MTs in the actin-rich cell cortex suggests that a MT-based movement alone cannot account for a movement of membranes from the Golgi apparatus to the plasma membrane. Moreover, since the average pore size of cytoplasm is smaller than vesicles (Luby-Phelps et al., 1987; Provance et al., 1993) passive diffusion cannot account for significant movement of vesicles from the ends of MTs to the apical plasma membrane (Schroer and Sheetz, 1991) ; some active mechanism must be required. The final 0.5-1/~m to the epithelial cell apical or basolateral plasma membrane must be traversed in the absence of MTs and through an actin meshwork. This meshwork is so highly cross-linked that when the terminal web forms, even organdies as small as ribosomes (,x,25 nm) are excluded away from the membrane. It has been proposed that an actin-based motor, such as myosin-I, is required to move vesicles through this meshwork to the membrane (Sandoz et al., 1985; Achier et al., 1989; Fath et al., 1990; . We have previously shown that a population of Weiser Golgi-enriched membranes isolated from intestinal epithelial cells binds actin filaments in an ATP-sensitive manner and possesses myosin-I as a cytoplasmicallyoriented peripheral membrane protein and now show that myosin-I is present throughout the Golgi. Because actin filaments are not abundant in the inner cytoplasm leading from the Golgi complex to the cell apex, we proposed that perhaps individual vesicles possess both a MT-based and an actin filament-based motor and utilize both to traverse from the trans-Golgi to the apical plasma membrane . Thus, our isolation of membranes possessing both cytoplasmic dynein and myosin-I and the finding of membranes that bind both actin filaments and MTs is consistent with this proposal.
Several other reports suggest that Golgi-derived vesicle movement occurs via both MT-and actin-based motors working in series. Kuznetsov et al. (1992) using video enhanced and fluorescence microscopy, demonstrated that single axonal organelles that were translocating along MTs also moved along what were likely actin filaments. In yeast, cells with a mutant Myo2p (an unconventional myosin) do not form buds, have a disrupted actin cytoskeleton, and have a buildup of cytoplasmic vesicles (Johnston et al., 1991) . The overexpression of the kinesin-like presumed motor Smylp can suppress Myo2p defects (Lillie and Brown, 1992) . Therefore, in yeast, there is the possibility of a functional redundancy in use of both microtubule and actin based motors. Likewise, in polarized epithelial cells the decreased rate, but incomplete inhibition of membrane delivery to the apical surface in the presence of MT-disruptive drugs, suggests that either some stable MTs remain intact, or that MTs are necessary only to provide directionality while another transport system is utilized. Alternatively, the MT disruption studies may reveal a functionally redundant alternative mechanism, which is normally hidden or little used in the cell interior. Another motor, perhaps attached to the same vesicle may serve as a backup to MT-based movements in the inner cytoplasm. Thus, unconventional myosin's normal role in polarized epithelia would be the final stages of membrane translocation through the actin-rich cell cortex which would be hierarchically arranged in function with a MT motor. Our results confirm and extend these reports by providing the initial biochemical observation that Golgi membranes express both myosin-I and cytoplasmic dynein. These data provide a foundation for further experiments designed to identify the in vivo role of these motors and how attachment of motors to membranes is regulated. Further, these results suggest that the type of mechanochemical motor placed on membrane organelles, or motor regulation in different areas of the cell, may provide a mechanism for polarized delivery of membranes in cells as diverse as neurons and epithelial cells.
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